The kinetics of charge transfer depend crucially on the dielectric reorganization of the medium. In enzymatic reactions that involve charge transfer, atomic dielectric response of the active site and of its surroundings determines the efficiency of the protein as a catalyst. We report direct spectroscopic measurements of the reorganization energy associated with the dielectric response in the active site of ␣-chymotrypsin. A chromophoric inhibitor of the enzyme is used as a spectroscopic probe. We find that water strongly affects the dielectric reorganization in the active site of the enzyme in solution. The reorganization energy of the protein matrix in the vicinity of the active site is similar to that of low-polarity solvents. Surprisingly, water exhibits an anomalously high dielectric response that cannot be described in terms of the dielectric continuum theory. As a result, sequestering the active site from the aqueous environment inside low-dielectric enzyme body dramatically reduces the dielectric reorganization. This reduction is particularly important for controlling the rate of enzymatic reactions.
M
any enzymatic reactions are charge transfer processes. Their activation free energy is affected by the dielectric properties of the milieu of the reacting groups (1) . It has been suggested that small dielectric response at the active site could be a physical reason for high catalytic activity (2) (3) (4) .
Direct measurements of local dielectric properties at enzyme active sites have never been made. Most of the current knowledge is based on circumstantial evidence. Different existing data can be used to support opposing points of view. For instance, the average static dielectric constant of proteins s Ϸ 4 was estimated from measurements on dry powders (5-9). However, x-ray data indicate that the mobility of atoms near enzymes active sites is higher than average (10, 11) and, thus, the dielectric response should be enhanced. Furthermore, active sites are typically situated within several angstroms of the protein surface. A wide range of dielectric response was predicted from molecular simulations for various proteins: A gradual increase from Ϸ 3 in the center of globule to about Ϸ 10 at its periphery was found in refs. [12] [13] [14] [15] [16] [17] [18] [19] . Even higher values of 25-35 were calculated by taking into account fluctuations of ionizable surface groups (18, 19) . Finally, highly polarizable aqueous surroundings may contribute to the dielectric response, to increase the uncertainty even further.
Thus, local dielectric properties at enzyme active sites have remained unclear. In the present paper, we attempt to resolve this issue by direct measurement. A spectroscopic technique proposed in refs. 20 and 21 and further developed in refs. 22-24 is used. The reorganization energy is determined from absorption and emission spectra of proflavine noncovalently bound in the active site of ␣-chymotrypsin. We evaluate the contributions to the dielectric reorganization of the protein interior and of the surrounding solvent by comparing the spectra of the dyeenzyme complex in a solid protein film and in an aqueous solution.
Methods
Theory. The activation free energy of charge transfer, ⌬G , is determined by the reaction free energy, ⌬G, by the energetic cost of distortion of chemical bonds in reacting groups, i , and by the energetic cost of repolarization (reorganization) of the surrounding medium, s , (1)
The focus of the present work is the reorganization free energy of the medium, s , which is determined by the atomic (inertial) dielectric response to charge transfer. When a chromophore undergoes an optical electronic transition accompanied by absorption or emission of light, the corresponding change in its electron density distribution causes repolarization of the surrounding medium. As a result, the medium reorganization energy affects the electronic spectra. As illustrated in Fig. 1 , this effect can be used for spectroscopic determination of s (20, 21) . For a classical system, the difference in the absorption a and emission e maxima of the chromophore (the Stokes shift) is given by h a Ϫ h e ϭ 2( s ϩ i ), where h is the Planck's constant. Quantum effects produce an important correction (22) that, for the case of featureless spectral bands, is
where M 2 a , M 2 e , M 3 a , and M 3 e are, respectively, the second and third central moments of the absorption and emission spectra. The values of a , e , M 2 , and M 3 can be determined from each experimental spectrum. Then, if the intramolecular reorganization energy, i , for the chromophore is known, the value of s for the medium can be directly extracted with the help of Eq. 2.
The intramolecular reorganization energy for proflavine, has been previously determined by comparing the measured s ϩ i with calculated s for a series of solvents with well characterized dielectric properties (24) . The medium reorganization energy, denoted here as scal , was calculated in ref. 24 within the framework of the dielectric continuum model as follows. The cavity formed by proflavine in the surrounding solvent was approximated by an oblate spheroid. The electron density redistribution upon the optical transition, found from semiempirical quantum chemical calculations, was placed inside the cavity. The potential created by this charge density was determined from an analytical solution of the Poisson equation with macroscopic values of the optical and static dielectric constants of the solvent. Intrinsic uncertainties in the shape of the cavity and in the electron density redistribution were accounted for by a scaling parameter p, assuming that the true value of s is related to scal as s ϭ p scal . The values of i and p were extracted simultaneously by linear regression analysis of the dependence of measured s ϩ i on calculated scal for a series of reference solvents (24) .
In the present work, we reanalyzed the data of ref. 24 , using the van der Waals surface of proflavine rather than an oblate spheroid as the solvent-inaccessible cavity, and solving the Poisson equation numerically with the help of the DELPHI program (25) . This geometry reduced the uncertainties and resulted in p Ϸ 2 compared with p Ϸ 4 obtained in ref. 24 . The value of i Ϸ 455 cm Ϫ1 remained unchanged. In addition, we corroborated semiempirical quantum chemical calculations of the charge redistribution in the monocationic proflavine by 6-31G** ab initio calculations that gave similar results.
Materials. Proflavine hemisulfate was purchased from Fluka, and bovine ␣-chymotrypsin (dialyzed, essentially salt free, Type II), and other chemicals were purchased from Sigma.
Proflavine-Chymotrypsin Complex. Preparation of the complex was as described in ref. 26 . In brief, solutions containing 0.5-4 mM chymotrypsin, 1-10 M proflavine, 0-0.5 M KCl, and 10 mM Tris͞10 mM citrate (pH 8.0-8.5) at 20°C produced complexes of the dye with the enzyme unprotonated at His57 in the active site. Solutions of the protonated complex were prepared in 0.5 M KCl and 10 mM Tris͞10 mM citrate (pH 6.2). Under these conditions, 99.0-99.9% of dye molecules were bound (26) .
The dye-enzyme complex was also embedded into solid chymotrypsin films by drying salt-free complex solutions on the internal side of a 10-mm spectroscopic quartz cell. The solutions (pH 8.0-8.5) contained 4-8 mM chymotrypsin and Ϸ200 M or Ϸ0.3 M proflavine for absorption or emission experiments, respectively. Virtually all dye molecules were bound before drying because of the high enzyme͞dye ratio (Ͼ20). Initially, the films were dried under the flow of gaseous nitrogen at room temperature. For further drying, a small open container with a saturated solution of KNO 3 , KCl, K 2 CO 3 , or with concentrated H 2 SO 4 was placed inside the sealed cell to keep constant humidity. After 20-50 hours of equilibration, these cells were used for spectroscopic measurements. On films, absorption and fluorescence measurements were made by using samples that were Ϸ10 m (Ϸ3,000 molecular layers) thick (estimated from light absorption by the dye, and from the film weight and density assumed to be Ϸ1 g͞cm 3 ). For circular dichroism measurements, Ϸ200 molecular-layer-thick films were made.
Chloroform infusion was performed by dropping 30 l of chloroform onto a film of Ϸ6-mg weight. After this, the cell was resealed with the same saturated salt solution container inside and was stored for 60-90 min before spectroscopic measurements. The film located on the vertical wall of the cell remained soaked in chloroform whereas residual solvent stayed at the cell bottom. After equilibration of a film submerged in excess of chloroform for several hours, no traces of dye extraction into chloroform were found.
Spectroscopic Measurements. In all experiments, proflavine was present in the monocationic form, as judged from its spectra. Absorption spectra of proflavine in water and in the enzymedye complex were recorded in 10-mm quartz cells on a PerkinElmer Lambda 40P spectrophotometer at 1-nm slit width, 200-nm͞min scanning speed, and 1-s time constant. The optical density at the absorption maximum of the dye was 0.1-0.5. In salt-and protein-free aqueous solutions, the dye concentration was Ͻ4 M to prevent aggregation. To obtain the dye spectrum in a dye-enzyme complex, the background spectrum of the same sample containing no dye was subtracted from the sample spectrum.
Fluorescence spectra were recorded in 10-ϫ 10-mm quartz cells on a Hitachi 850 spectrofluorometer at 5-nm emission slit width, 2-nm excitation slit width, 60-nm͞min scanning speed, and 2-s time response. The optical density of the solutions at the absorption maximum of the dye was less than 0.15. The standard correction (27) for the instrument response by using Rhodamin B quantum counter and light diffuser was performed. To resolve scattered excitation beam and emitted light, the spectra of protein films were recorded in a solid sample holder with the sample plane tilted with respect to the excitation beam, and the 440-nm excitation wavelength was used. The blue shift of the excitation with respect to the absorption maximum (460-466 nm) had virtually no effect on the shape of the spectra.
We estimated solvent accessibility of proflavine in the dyeenzyme complex by comparing fluorescence quenching by iodide ions for the free dye in water (pH 6) and for the complex in solution at pH 8.5. The quenching constant was determined as described in ref. 28 ] ratio at fixed 0.5 M ionic strength (pH 8.5) was evaluated from the quantum yield monitored via the intensity at the emission maximum. The characteristic time and amplitude of dielectric relaxation in the complex was extracted from the dependence of the emission maximum on the lifetime as described in refs. 28 and 29.
Circular dichroism spectra of chymotrypsin in solution (7 M chymotrypsin͞2 mM Tris, pH 8.5; 1-mm quartz cells) and in solid protein films were recorded on a Jasco 715 spectrometer at 2-nm slit width, 20-nm͞min scanning speed, and 2-s response time. Activity of chymotrypsin was determined from the initial rate of hydrolysis of N-acetyl-L-tyrosine ethyl ester monitored by absorbance at 237 nm as described in ref. 30 .
Results
We previously found that dielectric reorganization in simple solvents caused by the long-wave optical electronic transition in proflavine is well described within a dielectric continuum model (24) . The Stokes shifts determined in ref. 24 for a set of aprotic solvents are plotted in Fig. 2 vs. the calculated reorganization energy ( s ). The dashed line in Fig. 2 , a fit of this dependence to Eq. 2 obtained in ref. 24 , is used as a calibration curve for semiquantitative evaluation of s in water and in the dyeenzyme complex. This evaluation is possible because the Stokes Fig. 1 . A schematic representation of the energetics of electronic transitions in a dye in a polarizable medium (Left) and the corresponding absorption and emission spectra for proflavine dye in a polar medium (Right). The x axis on the left is a generalized classical coordinate describing, e.g., the orientation of surrounding dipoles in the medium. The light absorption (h a) and emission (h e) transitions are shown at the most probable coordinates that are expected to determine the maxima of the corresponding spectra.
shift is a monotonic and only weakly nonlinear function of s ( Fig. 2; refs. 22 and 24) .
Alternatively, we use Eq. 2 to correct the Stokes shift data for measured spectral moments and i determined from the reference solvents data for more accurate calculation of s . This method relies on the validity of assumptions underlying Eq. 2 (22, 24) . Because the main conclusions of this work can be drawn from such quantitative analysis or directly from the Stokes shift data, they are independent of a particular model. Values of s presented in the text were obtained by the quantitative method.
Free Dye and Dye-Enzyme Complex in Solution. For free proflavine in water, the measured Stokes shift is 1,725 cm Ϫ1 (Fig. 2) ) is observed upon proflavine-chymotrypsin complex formation in aqueous solution (Fig. 2) . This change is caused by binding of the dye in the substrate-binding pocket of the enzyme. The latter value of s represents the reorganization energy at the active site of solvated chymotrypsin. This interpretation is based on the following arguments and control experiments.
Proflavine is a competitive inhibitor of ␣-chymotrypsin. Experimental studies suggest that the dye binds at a single site in the vicinity of the active center (26, 31, 32) . The model shown in Fig. 3 illustrates a possible structure of the complex with the dye in the substrate binding pocket. This structure is similar to the x-ray structure (33) of a complex of proflavine with trypsin, a closely related serine proteinase. The modeling shows that more than three-fourths of the dye surface is shielded from bulk water. We confirmed that by observing a 9-fold drop in the constant of proflavine fluorescence quenching by iodide upon dye-enzyme complex formation.
We measured proflavine-chymotrypsin complex spectra under such conditions that more than 99% of the dye was bound. We estimated the residence time of the dye in the binding pocket as Ϸ1 ms, based on the association and dissociation rates determined in ref. 34 . Because the residence time is much larger than the lifetime (Ϸ3 ns) of the excited state of the dye, the dye remains bound during the excitation-emission cycle.
The spectra of the complex are independent of ionic strength, at least from 0 to 0.5 M KCl at pH 8.5. Therefore, the ionic atmosphere does not contribute to the measured dielectric reorganization at the active site. The spectra are independent of protein concentration once all dye is bound. If some protein aggregation occurs, it does not affect the results.
Protonation of His57 at the active site of chymotrypsin upon reduction of pH from 8.5 to 6.2 at 0.5 M KCl did not affect the Stokes shift and the reorganization energy. This insensitivity suggests that the intramolecular electric field of chymotrypsin has practically no effect on the charge redistribution in the dye. If this is the case, the calibration curve measured in reference solvents can be used for evaluation of the reorganization energy at the active site.
Finally, slow dielectric reorganization modes may not fully contribute to the Stokes shift because their relaxation time is comparable to or larger than the life time of the exited state of proflavine, but they may still contribute to the true reorganization energy at the active site. To evaluate the role of these modes, we measured a change in the apparent reorganization energy upon variation of the excited state lifetime by dynamic fluorescence quenching following the procedure described in refs. 28 and 29. We also estimated the reorganization energy from the spectral bandwidth as discussed in refs. 22 and 35. This alternative method is less accurate, but it reflects contributions of all slow and fast modes. Both estimates suggested that the effect of the slow relaxation modes is small (Յ6% of s ). (24) vs. calculated, scaled s; ࡗ, the Stokes shift in water vs. s calculated at s ϭ 80 and o ϭ 1.77. The dashed line shows the fit to Eq. 2 of the data for aprotic solvents (24) . This fit can be used as a calibration curve to estimate s at the active site of chymotrypsin from the measured Stokes shifts of the dye-enzyme complex (shown by arrows). The lowest and uppermost open circles are, respectively, for dichloromethane and acetonitrile. Quantitative evaluation of s with correction for the spectral moments is described in the text. 
Dye-Enzyme Complex in Solid Protein
Film. When the proflavinechymotrypsin complex is embedded into a solid, dehydrated chymotrypsin film, the Stokes shift decreases to 565 cm Ϫ1 (Fig.  2) . Note that the inhomogeneous environment of the complex in the film results in broadening of the absorption and emission spectra and, consequently, in a spurious increase in the Stokes shift. Thus, the semiquantitative analysis overestimates s . Under such conditions, the correction for the spectral moments used in our quantitative method is significant. The resulting s Ϸ 820 cm
Ϫ1
. Another possible artifact, the resonant excitation energy transfer between dye molecules in the inhomogeneous environment, was eliminated by reducing the dye concentration in the film until no further change in the emission spectrum was observed.
The decrease in s , compared with the solvated proflavinechymotrypsin complex, is apparently related to the removal of water surrounding the protein. Consistently, the Stokes shift and s increase with increasing water content (relative humidity) in hydrated films. Infusion of hydrated films with chloroform returns s to the dry film value (Fig. 4) . Chloroform seems to penetrate voids between protein molecules and to displace water from low affinity hydration sites. [It is believed that chymotrypsin has both high and low affinity water-binding sites (36) (37) (38) ]. Because of its low-polarity, chloroform contributes little to the reorganization energy.
The decrease in s does not appear to be related to a structural change of the enzyme caused by the removal of water. We confirmed the absence of major structural changes as follows: We recovered more than 90% of the enzyme activity from redissolved films. Chymotrypsin is known to preserve catalytic activity in the solid phase even at 30% humidity (39, 40) . Circular dichroism spectra of chymotrypsin (Fig. 5) show only a small apparent difference in the secondary structure of the protein in solution and in a hydrated film (95% humidity). Almost no change in the CD spectrum was observed upon film dehydration.
The observed reorganization energy in the films does not seem to be affected by entrapment of residual salt. Neither addition of 5 Tris molecules per enzyme nor lowering of salt concentration by dialysis before film formation had any effect on the measured spectra.
Discussion
For comparative analysis of the dielectric reorganization in different media, we use continuum-dielectric theory. Within this theory, the reorganization energy, s , of a uniform medium depends on macroscopic dielectric properties through the optical, o , and static, s , dielectric constants of the medium (1) as
For a dielectrically non-uniform medium, e.g., in the presence of a cavity formed by a chromophoric solute, the relationship between s and o and s is more complex. Nevertheless, the commonly used parameter C is still a good qualitative descriptor of the reorganizational ability of the medium (23) . In addition to s values calculated by taking into account the dielectric inhomogeneity, we give the corresponding C values.
Dielectric Reorganization of Protein Matrix. For chymotrypsin embedded in a dehydrated protein film, we find (cf., Fig. 2 ) that the reorganization energy s Ϸ 820 cm Ϫ1 at the active site is similar to that in a low-polarity solvent; e.g., it is smaller than in dichloromethane ( o ϭ 2.03, s ϭ 9, C ϭ 0.38). Using this value of s and assuming that, in a protein film, o Ϸ 2.4 Ϯ 0.1, we obtain effective s Ϸ 9 Ϯ 1 at the active site, which formally corresponds to effective C Ϸ 0.305 Ϯ 0.005. [From the refraction index increment for ␣-chymotrypsin in solution (41), the specific o for a protein is Ϸ2.5. We assume that local variations in electron density inside a dehydrated protein film may lower o by Ϸ10%].
Thus, the dielectric reorganization at the active site of chymotrypsin is stronger than what would be predicted if one were to use s Ϸ 4 (C Ϸ 0.15) obtained (5-9) for dry protein powders. However, it is weaker than what would be predicted if one were to use s Ϸ 20-35 (C Ϸ 0.4) calculated in simulations of the dielectric response in proteins (18, 19) . The latter large values of s are associated with enhanced mobility of protein groups. In enzymes, the enhanced mobility in the vicinity of the active site may be beneficial for substrate binding but not for the subsequent catalytic charge transfer reaction (42) (43) (44) . It was found that the mobility in the active site of myoglobin and trypsinogen is reduced after substrate binding (42, 43, 45) . This reduction may also occur upon proflavine binding in the active site of chymotrypsin.
Note that small dielectric reorganization in proteins was invoked to explain a variety of kinetic data for charge transfer reactions (1, 3, 4, (46) (47) (48) (49) (50) (51) and was inferred from molecular simulations (52) (53) (54) (55) (56) (57) (58) (59) (60) . Our direct measurements now provide evidence supporting this hypothesis. is anomalously high. This anomaly is not a result of hydrogen bond formation between the dye and water molecules. Similar hydrogen bonding occurs in alcohols, where it reduces rather than increases the measured Stokes shifts and s compared with aprotic solvents with similar macroscopic dielectric properties (24) . The anomaly is not an artifact of data processing. We reach the same conclusion directly from raw data on the Stokes shift. The value of the Stokes shift calculated from the dielectric continuum theory for a solvent with the same o and s as in water is 1,295 cm Ϫ1 vs. the measured 1,725 cm
Ϫ1
Stokes shift in water (Fig. 2) . The presence of the anomaly suggests that the dielectric continuum theory breaks down at least for the optical shortdistance charge transfer process in water. It may be related to the nonlocal dielectric response of water to spatially varying electric fields. We will focus on the physics of the anomaly in a separate work. For the present, it is essential to recognize only that such anomaly can indicate a much larger contribution of water to the reorganization energy of a solvated protein than it can be expected from classical theories.
Effect of Protein Hydration on Reorganization Energy at the Active
Site. To characterize the contribution of water, we measured the change in the reorganization energy of the dye-enzyme complex embedded in a protein film upon variation of water content in the film (Fig. 4 a and b) . It is believed that chymotrypsin and other proteins have high-and low-affinity water binding sites (36) (37) (38) : Below Ϸ50% relative humidity, water fills primarily high-affinity sites; additional water molecules that hydrate the protein above 50% humidity are weakly bound.
We find that the Stokes shift is virtually unaffected by humidity up to 45% while it increases by Ϸ160 cm Ϫ1 from 45 to 95% humidity (Fig. 4b) . This occurs despite the fact that the change in humidity from 0 to 50% brings almost the same amount of water into the protein film as the change in humidity from 50 to 95% (36) . Apparently, the mobility of strongly bound water molecules is so low that they contribute to dielectric reorganization far less than weakly bound waters. Similar conclusions can be drawn from the data on the macroscopic dielectric response of water in powders of chymotrypsin (37) and other proteins (61) . They are also supported by NMR data showing considerably lower mobility of strongly bound water than the mobility of weakly bound water or bulk water (38, 62, 63) .
The reorganization energy at the active site of a fully hydrated dye-enzyme complex in aqueous solution is considerably larger than in a hydrated film at 95% humidity. The presence of bulk water adds another Ϸ335 cm Ϫ1 to the Stokes shift; i.e., it contributes significantly to the reorganization energy at the active site. Most likely the appreciable contribution of bulk water is related to the abnormally large reorganization energy in this anomalous solvent.
Still, s Ϸ 1,280 cm
Ϫ1
at the active site for the complex in solution is much lower than the reorganization energy for the dye in pure water. For the complex, s is close to that in polar aprotic solvents (Fig. 2) ; e.g., it is slightly lower than in acetonitrile ( o ϭ 1.8, s ϭ 37, C ϭ 0.53). The difference with pure water is unlikely to be related to a decrease in the number of hydrogen bond-donating groups surrounding the dye at the active site. For instance, removal of such groups upon transfer of the dye from alcohols to polar aprotic solvents results in a decrease in s (24) . The most likely source of the difference is a replacement of the high-reorganization anomalous aqueous solvent by lowreorganization protein matrix in the immediate vicinity of the charge transfer zone.
From the scale of the observed effects on dielectric reorganization, the order of magnitude of possible effects corresponding to a real enzymatic reaction can be estimated. Typical values of the reorganization energy s Ϸ 60-120 k B T for charge transfer reactions are 10-20 times larger than s Ϸ 6 k B T (or 1,200 cm Ϫ1 ) measured for the chromophore. This is because of much stronger charge redistribution upon electron or proton transfer than upon the optical transition. The observed reduction (Ϸ3 k B T) in the reorganization energy upon sequestering the active site inside the protein matrix corresponds to a change in s by 30-60 k B T for the enzymatic reaction. Such a large effect is likely to play an important role in the catalytic activity of the enzyme.
Conclusions
At the active site of chymotrypsin, the protein matrix exhibits dielectric reorganization considerably weaker than that expected for a protein milieu with highly mobile polar groups. The dielectric reorganization is comparable to that in a low-polarity solvent.
Water, in contrast, exhibits an anomalously strong dielectric reorganization significantly exceeding that of solvents with comparable macroscopic dielectric properties. Its dielectric reorganization is larger than the maximum allowed within macroscopic dielectric continuum theory.
Sequestering the active site from water inside the enzyme body leads to a dramatic reduction in the dielectric response to charge transfer, an important factor in high catalytic activity. Nevertheless, the residual contribution of external water to the dielectric response at the active site is still significant. Because of the water anomaly, the role of the aqueous solvent is particularly important.
